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SOME DATA ON JX)DYAND JET REACTION CONTROLS

By Allen B. Hennin$, Andrew R. Wineman,
and Robert W. Rainey

EiuMmRY

A series of rocket-propelled general-researchtest missiles incor-
porating cruciform delta wings, mounted along the diagonals of a fuselage
of square cross section, were used to obtain longitudinal trim in flight.
These trim characteristicswere obtained from several combinations of
free-stream and jet-flap controls mounted at fixed deflections at the
base of the bcdy. In addition to the effectiveness of these controls,
as measured by the change in normal-force coefficient, the static and
dynamic longitudinal stabili@ of the test .missileswere determined for
a range of Mach number of 0.7 to 1.7. Limited tests at a Mach nuriberof
1.62 were made in the Langley g-inch supersonic tunnel to determine the
effects of spoilers mounted on wingless bodies of square and round cross
section. Comparisons were made with a conventional, full-span, trailing-
edge flap mounted on a delta wing to furnish a reference for the effec-
tiveness of body controls. Effectiveness of three types of reaction con-
trols - immersed jet vane, jet flap, and jet spoiler - have been evaluated
and their relative merits discussed. The application of a fin-actuated,
jet-vane stabi~zation systemto a Deacon booster rocket was made and
flight tested, and the results were analyzed in a qualitative manner.

Sufficient control may be obtained from bcdy-mounted flaps to pro-
duce the sane trim normal-force coefficient as a conventional flap con-
trol mounted on a delta wing, but the reqibed deflections of the bMy

controls would be from 2 to @ times as geat. Although the trim drag

coefficient was from 30 to 70 percent larger, the stabili~ of the model
controlled by body flaps was about the same as that of a conventionally
controlled model. It appeared that body spoilers have about the same
effectiveness as flaps at eqwl heights above the surface of the body
but are not plagued by excessive hinge moments. Of the three types of
reaction controls tested the jet spoiler appeared to be the most effec-
tive control, based on the amount the thrust vector is tilted for a given
impulse loss. As shown by the flight test, immersed jet vanes were used
successfully to provide additional lift for fixed booster fins but were
also subjec%ed
tip control.

t: the wash of the forward wings through the actuating
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In order to maneuver a boniberdefense missile toward a target as
quickly as possible, large demands are often placed on the missile con- ‘
trol system shortly after the missile is launched. Since this type of
missile will probably be launched at high altitudes and possibly in a
a direction opposite to that of the bomber, the associated low dynamic
pressure and negative flight velocities restrict the effectiveness of
conventional controls. Because reaction devices furnish control that is
not dependent upon anibientconditions, they are therefore applicable to
this low dynsmic pressure or negative-veloci~ part of the flight. Jet
vanes, Jet deflectors, jet spoilers, swiveling nozzles, and similar con-
trols are all classified herein as reaction controls. Informati@ on
various reaction controls is reported in various references. (For exam-
ple, see refs. 1 to 10.) Unless the missile hits the target before the
rocket motor is-exhausted, additional aerodynamic control is required as
the missile closes on the target. If a body-mounted free-stream control
can be made to have satisfactory effectiveness, then an advantage in sim-
plicity of attachment and operation can be gained over conventional aero-
_c controls. Thinner airfoil sections with less drag can be employed
if the tigs are used without attached controls. This idea suggests a
composite control system consisting of a reaction control and an aero-
_c control mounted onthe body and operated simultaneouslyby the
sane servo.

As part of a general research program the National Advisory
Committee for Aeronautics has conducted some tests on reaction controls
(refs. M. to 13), but more information on the effectiveness of body con-
trols, both aerodynamic and reaction, is needed. In the present tests,
three rocket-powered, delta-wing, general-researchmissiles were flight
tested to obtain the effectiveness of a rocket jet deflector which could
also be employed as an aerodynamic body flap control. Sq.mre fuselage
cross sections were used to facilitate mounting the controls at the base.
Results of tunnel tests reported in reference 14 indicate that bd.ies of
square cross section produce higher lift and pitching moment at super-

. sonic speeds than do bdies of circular cross section. Longitudinal.trim
data, static stabili~, and dynamic stibili~ of the general-research
test missile were determined through the Mach number range of 0.7 to 1.7.

Rocket static tests were made to determine the forces on two jet
deflectors, a flap control and a spoiler control. The results of these
tests, in turn, initiated ligited supersonic-tunneltests of an aero-
dynamic spoiler mounted at the base of the body. Limited data froma
flight test of an angle-of-attack stabilized booster system employing
immersed jet vanes is also presented. Data from ti these tests were
correlated into four main groups: flap controls, spoiler controls,
rocket static test comparisons, and booster stabilization.
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AU flight tests were conducted at the

,.

3

Pilotless Aircraft Research
Station at Wallops Island, Va. Supersonic-tunneltests were conducted
at the Langley g-inch supersonc tunnel, and rocket static tests were
made at the Langley rocket test cell.

SYMBOLS

As

Ae “

z

CA

CD

cm

%

CL

CP

CL
a

c%+ c%

d

control area projected to the nozzle exit

nozzle exit area

mean aerodynamic chord, ft

axial-force coefficient, Axial force
qs

.

drag coefficient, CN sin u +

pitching-moment coefficient,

Pitching moment

CA cos a

Pitching moment ~d
(&

—
(B@ cross-sectionalarea) qd

normal-force coefficient, Normal force ~d
(J5

Normal force

(Body cross-sectionalarea) q

lift coefficient, CNcosa-CAsfia -

pressure coefficient,
%-P

~

d%
slope of lift curve, ~ per deg

damping-in-pitchderivative, — —

@)+ ~~)’ ‘er radian

diameter of body with circular cross section or width of
body with sqyare cross section, ft

.
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height of control, f%

moment of inertia in pitch, slug-ft2

Mach number

Mach number at exit of rocket nozzle

static pressure, lb/sq ft

manifolded pressure of three flap orifices, lb/sq ft

standard sea-level static pressure, 2,1L6 lb/sq f-t

-C pressure, 0.7p@, lb/sq f%; or pitching velocity,
rsdians/sec

Reynolds number, Vql

total wing area &n one plane, sq f%

time, sec

time for an oscillation to damp to one-half amplitude, sec

veloci@ of model, ft/sec

weight of mdel, lb

dis@nce from leading edge of E, or distance from apex of
bdy nose, f%

angle of attack, deg

()—.
5+.3 z ‘

radians/see

angle of

angle of

sideslip, deg

control deflection, deg

~et-vane deflection in pitch plane, deg (positive Gangle of
produces negative ba)

\
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bp angle of jet-vane deflection in
produces negative 5P)

5

yaw plsae, deg (positive P

v coefficient of viscosi~, slugs/ft-sec

Subscripts:

1 aerodynamic flap

2 jet flap

ac aerodynamic center

Cp center of pressure

trim trim condition, ~ = O

MODELS

Three models (called mcdel 1, mcdel 2, and mcdel 3) were used to
evaluate the effectiveness of body-mounted flap controls. A typical
model (mcdel 3) is shown in the sketch of figUre 1, and the photographs
of models 1, 2, and 3 are shown in figure 2. The geometric character-.
istics of the three models were identical except for the two controls.
The different combinations of control settings tested are shown in fig-
ure 3. A g-inch British Cordite rocket motor, incorporated in the model
as a second-stagemotor, was delayed in igd.tion until the model had
coasted through the Mach nuuiberrange. After the second-stagemotor
burned out, the models again coasted through the same Mach rnmiberrange
but at different weights, inertias, s.ndcenter-of-gravi~ locatiom.
The mass characteristics of models 1, 2, and 3 are given in table 1.

The fuselage of each model consisted of a parabolic nose with a
straight afterbody. The cross section of the body was circular at the
nose but was developed into a squsre cross section by using a 17-inch
transition. Flat-plate, cruciform, 60° delta wings with beveled leading
and trailing edges were mounted on the corners of the baly having square
cross section just rearwsrd of the transition. Flap controls were
mounted on all sides of the base of the square bciiy,but only those in
the pitch plane were deflected for these tests. The upper control,
referred to hereinafter as an aerodynamic flap, was always deflected
into the airstream: the lower control, which shall be called a ~et flap,
was deflected into’the

The deflection of
model 1 remained fixed

jet exhaust of-the rocket motor. - ‘-

both the aerodynamic flap and the jet flap of
for the duration of the flight. However, for

. .— ——— ———.—— ._ —. —___—.. ___ ____ __
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models 2 and 3 the deflection of the jet flap was changed in flight by
use of a position servo (figs. l(b) and l(c)) utilizing rocket chaniber
pressure. This servo mechanica.lJylocked the jet flap at zero deflec.
tion for the duration of the first coast; however, when the rocket motor
in the mcdel ignited, this servo deflected the flap into the rocket jet
at a predetermined angle and again locked it at this new position for
the remainder of the flight. The area-of the flap impingedby the jet
for these two deflections is shown in figure l(d). Model 3 was equipped
with four rockets, each having an impulse of 6 pound-seconds and were
aimed to disturb the model in the pitch plane. ‘

The sketches and descriptions of the supplementarytest models such
as the static-test models, the wind-tumnel models, and the immersed-jet-
vane, free-flight model are presented subsequently.

INSTRUMENTATIONAND TESTS

Each model was equipped with a standard NACA four-channel telemeter
transmitter which conveyed a continuous signal from the model to ground
stations. The instruments of models 1 and 2 measured normal and longi-
tudinal accelerations, total pressure, and a sample pressure on the aero-
dynamic flap. This flap pressure was measured by means of three mani-
folded holes located on the longitudinal center line of this control.
Model 3, which was disturbed in pitch, was instrumented to measure angle
of attack, normal and longitudinal accelerations, and total pressure.
Normal and longitudinal accelerometerswere located in the nose section
just forward of the transition section of the model. Flight Mach nuniber
was determined by the use of measured total pressure and data from the
following: an NACA md.ified SCR-584 tracldng radar, a rawimonde, and
a CW Doppler velocimeter.

After each model was accelerated to supersonic speeds by a solid-
propellant Deacon booster rocket, it was subjected to three different
flight conditions: first, decreasing veloci~ after separation from the
booster; second, increasing veloci~ to supersonic Mach numbers for power
on; and, finally, decreasing velocim again to subsonic speeds during the
second coast. This double-coast method was initially used to furnish a
check on trim data of the test configuration for different altitudes at
a constant control deflection. However, since this check between the
data of the first and second coasts was establishedby tlieflight test
of model 1, the deflection of the jet flap of mcdels 2 and 3 was changed
in flight as the second-stagerocket motor ignited. Thus, the test con-
ditions between the first and second coasts of models 2 and 3 were changed
by increasing the control deflection of the jet flap. Deflecting this
control into the rocket jet also protided longitudinal trim data during
the power-on part of the flight. The.test Mach nuder range of 0.7
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to 1.7 was approximately the same at each of three flight conditions -
first coast, second coast, and power on for all three models. Reynolds
numbers of the tests are shown in figure 4, and the ratio of static pres-
sure to standard sea-level pressure is shown in figure 5.

Instr@nentationand test procedure of the static tests{,wind-tunnel
tests, and the additional flight test are described in the Discussion”
of this paper.

REDU~ION OF DATA

For the models which were not disturbed in flight and which were
used only to determine longitudinal trim at various control settings,
the data reduction consisted in merely converting measured normal and
longitudinal accelerations to normal-force and axial-force coefficients.
However, one model was disturbed in pitph by pfise roc~ts dur~ the
first coasting period of the flight in order to determine the longitu-
dinal static and dynamic stabili~ of the configuration. These stabil-
ity data were evaluated by use of the ecpations of motion for two de~ees
of freedom and the transients of the free motions of the flight model
resulting from pitch disturbances. A detailed discussion of this methcd
of flight-data analysis may be found in the appendix of reference 15.
This methd of reducing the data pertains only to models 1, 2, and 3.
Data reduction of the remaining tests is discussed subsequently.

ACCURACY

The precision of the measured data is often difficult to determine,
and only estimates of the accuracy can be made. Repeatability of test
data is sometimes used as a standard of accuracy; however, when the data
are determined from flight models where this is impractical, the precision
of the measured data and the reliabili@ of the calculated final data are
usually determined by experience and possible uthematical estimates.
For the flight models reported herein, the accuracy of the data was esti-
mated by using the method of probable errors as demonstrated in refer-
ence 16. The probable errors of the direct measuremements were chosen
to be i2/2 percent of the calibrated instrument range. Probable errors
of the final data were then calculated by equation 139.1 of reference 16.
This equation states that the probable error is the square root of the
sum of the squared prcducts of the probable error of individual direct ‘
measurements and the partial derivative of the final result with respect
to these direct measurements. Probable errors of the presented data from
flight tests of the square body configurationsare shown in table II along
with estimated errors of static tests, tests from the Langley 9-inch
supersonic tunnel, and the flight test of the immersed-jet-vanebooster.

—. —-——- .--—.-—-— ———. .—
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RESULTS AND DISCUSSION

can be employed to evaluate the usefulness of a
certain control. Control effectiveness itself is a function of three
nearly independent variables: control lift, the location of the con-
trol with respect to the aircraft center of gravity, and the static sta-
bility of the aircraft. Other parameters such as drag and servo power
dictate the applicability of a control to a specific configuration. How-
ever, before a control is adopted, it must first demonstrate sufficient
effectiveness to change appreciably the trim of an aircraft in flight.
Thus, the longitudinal trimat wious deflections and the stability of
a test vehicle were measured in flight to determine the effectiveness of
body-mounted flaps. Wind-tunnel and rocket static tests were also uti-
lized to determine some relative merits of body-mounted spoilers and
jet-deflection controls. Qualitative tiormation on abooster stabiliza-
tion system is discussed.

Paddle Controls

Trim.- The trim normal-force data of all three mdels are presented
as coefficients in figure 6. The trim lift coefficient of model 3 is
also presented in figure 6, and the correspondingtrim angle of attack
is shown in figure 7. Except for the transonic regions, there were no
unusual variations of these trim parameters with I@ch number, and they
were also fairly linesx with flap deflection. As mentioned previously,
the deflections of both controls of model 1 remainet constant throughout
the entire flight. The Reynolds number between the first and second
coast was different, as shown in figure k; and there was an apparent
influence of the rocket jet on the afterbody of the model during the
power-on part of the flight. However from all.parts of figure 6 it can
be noted that only slight differences in the trim normal-force coeffi-
cient were detected between the three flight conditions of model 1.
Since these differences were less than the accuracies of the test data,
as shown in table 11, the influence of Reynolds number and jet effects
on mcdel trim were considered insignificant. The trim normal-force
coefficient of the second coast of models 2 and 3 was increased over
that of the first coast by 25 to ~ percent. This increase was directly
attributed to the deflection of the jet flap which, when deflected in
conjunctionwith the aerodynamic flap, produced a caaibered-afterbody
effect. The effect of rocket power on the jet flap increased the trim
normal-force coefficient an additional 10 to 100 percent over that of
the second coast. This corresponds”toan increase in trim during power

on from; to 2* times that of the first coast. !ihisincrease in trim

during power on is directly attributed to the control moment obtained
as the jet flap deflects the high-energy jet of the rocket motor from
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the center lime of the mcilel. As shown in figures 6(b) and (c), larger
changes in model trim were experienced at the lower dynamic pressures
at subsonic speeds. This fluctuation is not an unusual.trend for a model
employing reaction controls, since the aerodynamic restoring moments of
the model decrease directly with the dynsmic pressure; however, the con-
trol moment is independent of anibientconditions and remains nearly con-
stant with flight Mach number.

The absolute values of trim and flap deflections sre more signifi-
cant when compared with conventional controls of lmown characteristics.
Here the deflection was used as a tool for comparing the effectiveness
of controls, although it is reslized that other parameters are involved,
such as hinge moments, servo power, and control hag. Such a comparison
was made by using the wing-bdy corribinationof reference 17 that incor-
porated a full-span, unbalanced, trailing-edge control mounted on a tri-
angular wing of aspect ratio 2. This control had about twice the area
and one-half the tail length of the contro> of model 3. After the data
of reference 17 were converted to the various center-of-gravi~ locations
of model 3, the deflections reqtied by the full-span flap to produce
the same trim lift coefficientswere then calculated and are shown in
the following table for a supersonic and a subsonic Mach nuniber.

Mach mmiber
Flight condition

of model 3

1.5 First coast
1.5 Second coast
1.5 Power on
0.8 First coast
0.8 Power on’

Deflection reqpired of
reference control to
produce same trim
as model 3, deg

9.1
11.5
16.6
4.7
11.1

From this table it is noted that the deflections req..ed of the refer-
ence control to produce the same trim lift coefficient as model 3 are
all less than the deflection of the aerodynamic flap (51 . 21.830).

For power off, or during first and second coast, the deflection required
of the reference control was only 22 to 50 percent of that required by
the aerodynamic flap. Similarly for power on, when both the aerodynamic
flap and the set flap were deflected ZIL.830,the reference control
required 51 to 76 percent of this deflection. This indicates that for

the same trim the aerodynamic flap would require from 2 to &times the

deflection of a full-span, ,trailing-edgecontrol mounted on a delta wing.
An increase of 30 to 100 percent over this conventional control was also

.——.-.— ———_ . . —.—..—
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appsrent when the effectiveness of the jet flap was included with the
aerodynamic flap in the comparison. It is interesting to note, from the
preceding table, that the reference control would require about ~ per.
cent more deflection at M . 1.5 than at M . 0.8 to produce the ssme
trim lift as model 3. This indicates that the effectiveness of the aero-
dynamic control of model 3 is more constant with Mach nuaiberthan the
effectiveness of the reference control.

The effectiveness of the jet flap, as determined from rocket-static-
test data, was used in conjunction with the power-off flight data to pre-
dict the model trim characteristicsduring power on. A jet flap and a
rocket motor similar to those employed on the flight model were stati-
cald.ytested. A sketch of this control and a sunmary of the data are
presented in figure 8. These data were obtainedby continuouslypulsing
one of the jet flaps in a sinusoidal manner over a deflection range of 0°
to 25° into the jet exhaust of a standsmd 5-inch British Cordite rocket
motor. Thrust, chaaiberpressure, normal force, pitching moment, hinge
moment, and flap deflection were measured continuously throughout the
test. The nozzle was extended for both the static test and the flight
test to improve the rocket performance and facilitate mounting the jet
flap.

Because the arrangement of the flaps
geometrically similar to the afterbody of
mated that the jet flap did not enter the
about 10° from the body contour; actually
moments were measured at b . 13.’3°. The

used in the static test was
the flight model, it was esti-
jet until it had deflected
zero normal force and hinge
jet-flow deflection, or the .

amount the jet flap tilted the i%rust vector, was determined directly
from the ratio of measured normal force to thrust, and the impulse loss
was obtained from the variation of thrust with flap deflection. Although
the normal force and thrust changed during the burning of the rocket
motor, the flow deflection rematied nearly constant. Normal force and
hinge moment were averaged for the burning time of the rocket motor and
are included in figure 8 only to indicate the magnitude of these param-
eters. Knowing this normal force and the approximate center of pressure
of the jet flap made it possible to estimate the contribution of the jet
flap to the trim characteristics of mcdels 2 and 3.

A comparison of this estimate with the measured power-on data of the
flight models is shown in figure 9, and good agreement is noted for super-
sonic Mach numbers. However, at lower Mach nuuibersthe estimted values
of both the trim angle of attack and the normal-force coefficient are
less than the correspondingtrim parameters as measured in flight. Since
only the jet flap was pulsed during the static test, any ad~tional flow
deflection of the rocket jet that would result from the aerodynamic flap
moving in unison with this control was not measured, but this condition .
was included in the power-on data obtained from flight tests. Therefore,
the estimated trim should be less than the measured trim because the
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jet-control moment is independent of dynamic pressure. This difference
in trim would be amplified at the lower Mach numbers because the control
moment remains nearly constant with Mach nuuiber,but the aerodynamic
moment decreases.

Flap pressure coefficient.- In order to gain some knowledge of the
pressure forces on the aerodynamic flap, a sample pressure was measured
from three manifolded orifices located along the longitudinal center
line of the control. The data are presented as pressure coefficients in
figure 10 for the first coast, second coast, and power-on conditions of
models 1 and 2. Also presented in figure 10 is the theoretical pressure
coefficient for a two-dimensional flat plate deflected 6.44° behind an
oblique shock. Theoretically, the shock caused by the deflected control
is detached at Mach numbers less than 1.3 for model 1 and 1.7 for model 2.
Although there is fair agreement between the theoretical and experimental
pressure coefficients of model 1, the measured values obtained from the
first coast of the flight are appreciably lower than those obtained
during the second coast and power-on phases of this flight. Because of
the smald.control deflection of model 1 (51 = 6.44° or h/d = 0.06)1

the boundsry layer and the detached shock were believed to have caused
this difference. As the aerodynamic flap was deflected to a larger angle

(51 = 16.78° or h/d = 0.17), it seemed to be in a more stible flw

region, which is indicated by the excenent ~eement of ~ at super-

sonic speeds during the three different flight conditions of model 2.
The largest measured value of ~ for both mcdel 1 and model 2 occurred

at M = 1.2 and was about 0.3 and 0.4, respectively.

Axial-force and drag comparison.- The axiai-force coefficient is pre-
sented in figure U_ for all three models during the first coast and for
models 1 and 3 during the second coast. The axial-force coefficientwas
not presented for the second coast of model 2 because of a questionable
shift in the accelerometer data after burnout of the rocket motor. The
trim axial-force coefficients resulting from the deflected aerodynamic
flap alone are shown in figure n(a), and the corresponding axial-force
coefficients resulting from the simultaneous deflection of both the
aerodynamic flap and the jet flap of model 3 axe shown in figure U.(b).
It is believed that the minimum drag of the configuration is of approxi-
mately the same magnitude as the *al-force coefficient of model 1

(
51 . 6.44°, 52 = 0°). The axial-force coefficient from the first coast

of this model varied from 0.04 to 0.07 and agreed favorably with the
second-coast data. Deflecting the aerodynamic flap from 6.44° to 16.78°
increased CA from 4 to 15 percent at supersonic speeds and about 24 per-

cent at subsonic speeds. Deflecting the control still farther (from

% ‘ 16.78° to 51 = 21.83°) produced very little change in CA at

subsonic and supersonic speeds, but because of an earlier drag rise an
6.,.~~~

.— .— .—.__-—__
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increase of 10 to 15 percent was noted at transonic speeds. Within the
accuracy of the data, the effect of deflecting the jet flap in unison
with the aerodynamic flap did not appear to influence the magnitude of
the axial-force coefficient at supersonic Mach nunibers. Since the angle
of attack was measured for model 3, lift and drag coefficients could be
determined; however, the pulse rockets did not disturb the mcdel suffi.
ciently to obtain the lift coefficient for minimum drag.

The drag coefficient for trim lift is presented in figure 12 for
both the first and second coasting periods of this model. The total.drag
coefficient of a somewhat similar configurationwas obtained from the
lift-drag polars of reference 10 for a lift coefficient eqml to the trim
lift of model 3, and it is also presented for comparison in figure 12.
The reference model had cruciform wings of the same plan form as the pres-
ent model with tip controls deflected 10oj.a fuselage of $he same fine-
ness ratio but with a circular cross section, and a boattailed afterbody.
Although it is realized that the boattail of this model was a factor
used to reduce total drag, a comparison is made in figure 12 between two
cotiigurationswhich could perform the same mission. The drag coefficient
at trim lift of mcdel 3 was ~eater than the drag coefficient of the ref-
erence mmiel by about the same percentage for the first and second coasts,
30 percent greater at supersonic speeds, and 60 to 70 percent at tran-
sonic and subsonic speeds. Differences between the drag coefficients of
the first and second coasts is attributed to the differences in trim angle
of attack shown in figure 7.

Stability.- As mentioned previousl.y,the static and dynamic longi-
tudinal stabili~ of model 3 was measured from free oscillations caused
by pulse rocket disturbances during the first coasting period of the
flight. An additional disturbance was attained as an outcome of deflec-
ting the jet flap into the rocket exhaust immediately after the second-
stage motor ignited. The measured lift-curve slope and the location of
the aerodynamic center of this configuration are presented in figure 13,
and data from the flight model of reference 18 are also included for com-
parison. Throughout the test Mach number range

%
varied from about

0.04 to 0.05 per de~ee and agreed tithin 5 percent of the reference
model at supersonic speeds. The Mmited lift-curve slopes with power on
showed favorable agreement with the power-off data in the transonic
speed range, although data from the first cycle of the power-on disturb-
ance indicated a larger slope at a subsonic Mach number. The aero-
dynamic center moved rearward on the mdel nearly linearly with Mach
number from subsonic speeds to M = 1.3, and then moved forward slightly
as shown in figure 13(b). The total movement of the aerodynamic-center
location was about 16 percent 5, or twice that of the reference Mel.
Compsred with data of reference 18, the aerodynamic center of model 3
at supersonic speeds was rearward of the reference model by as much as .

6 percent 5, thus an effect of the afterbody having a sqw.re cross sec-
tion and possibly the body controls on the static stability was
indicated.
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An indication of the dynadc stability of model 3 is shown by the

magnitudes of the time for the model to damp to one-half amplitude
‘(fig. n(a)) and the dsmping-in-pitch derivative ~ + ~ (fig. Ii(b)).

The damping-in-pitch derivative C~+c% had amaximum value of

about -6 at M = 0.8 and averaged approximately -3 at supersonic speeds.
Although these low values of damping are not uncommon for tailless mis-
siles, as shown in”reference 19, the @ing in pitch of model 3 was con-
sistently luger than the similar model of reference 18. It is believed
that the square fuselage of model 3 contributed a large percentage of
the increase in ~+~

sonic speeds.

over the reference mcdel, especially at sub-

Spoiler Controls

Because the hinge moments of flap controls can become quite large,
as in figure 8, and may require unreasonable amounts of servo power at
operational deflections, the effectiveness of a spoiler placed on the
base of the body became of interest. To establish qualitatively the
effectiveness of body-mounted spoilers which would operate both as an
aerodynamic control and a jet control, a test was made in.the Langley
9-inch supersonic tunnel on an aerodynamic body spoiler. Limited data
were also obtained from a static test on a spoiler used to deflect the
jet of a rocket motor. These data were combined with the stabili~ data
obtained from model 3 to calculate estimates of the trim characteristics
of a mdel geometrically similar to model 3 but controlled by body
spoilers. Estimates obtained in this manner were corapred with the
measured trim of model 3 for both power-on and power-off conditions.

Wind-tunnel tests.- The normal force and pitching moment of two
wingless bodies, one with a square cross section and one circular, were
measured in the 9-inch supersonic tunnel both with and without spoilers
mounted at the base. Th6 models, as shown in the sketch of figure 15,
were magnesium bodies having a ratio of length to diameter of 10 with a
parabolic nose and a cylindrical afterbody. A transition strip of pow-
dered aluminum oxide was attached on the fo~d section of the nose,
and spoilers of two different heights (h/d = 0.25 and h/d = O.m) were
mounted flush with the base. The test was made at a Mach nuaiberof 1.62,

a Reynolds number 5.7 x 106, and a nominal range of angle of attack of -6°
to +8°. No axial force was measured since the models were designed to
use an existing two-component balance. Schlieren photographs of both

the square and circular bodies at angles of attack near ~“ and 9° are

also presented in figure 15 to indicate the flow phenomena in the vicin-
ity of the spoiler. Pitcbhg-moment and normal-force coefficients,
referred to body length and cross-sectionalarea, we shown in figure 16
for both square and circular bodies with and without spoilers.
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The contribution of the spoiler to the characteristics of the basic
bodies was obtained from these data and is presented in figure 17. It
was believed that the effectiveness of the spoiler could best be
described as the incremental change in normal-force coefficient ~

and the longitudinal location of its line of action with relation to the
basic body. The normal-force coefficient and center of pressure of the
basic bcdy are shown in figures 16 and 17(a), respectively, and the iso-
lated effect of the spoiler is shown in figure 17(b). The center of
pressure of the control force of both bodies for a value of h/d of 0.25
was very close to the base and also reuined nearly constant with angle
of attack. The change in normal-force coefficient for the spoiler mounted
on the sq.mre body was about 25 percent more than that obtained from the
ChCld_W body. This Ufference in WN was increased to about 45 per-

cent as the spoiler heights were changed from 1/4 to 1/2 of the body diam-
eter; and although the center of pressure remained close to the base of
the square bcdy, it moved rearwszd of the body and 4s0 varied with angle
of attack for the circular body. The movement of the center of pres-
sure of the hrger spoiler on the circular body ~ have resulted from
the influence of the spoiler area which extended into the free stresm
beyond each side of the body, as shown in the sketch in figure 17(b).
Even when this rearward movement of the center of pressure and the fact
that the’e~osed spoiler area of the circular body was nearly 20 percent
greater than that of the sq.mre body for an h/d of 0.5 are taken into
consideration,the effectiveness of the spoilers was consistentlybetter
when used in conjunction with the body of squsre cross section. It is
also interesting to note (fig. 16) that the slope of the normal-force
coefficient of the square body without the spoiler was nearly 30 percent
larger than that of the corresponding circular body at an angle of attack
of 00. Similarly, for a square body with slightly rounded corners, a
20-percent increase in ~ was noted when comparison was made with a

a
corresponding circular body at M = 2.01 in reference 14. However,
from the present tests, nonlinesrities with angle of attack were dis-
covered in both the control force and control moment; larger variations
were indicated for spoilers mounted on square bodies. Therefore, body
spoilers should be used with caution when they are employed on wingless
baiies or body-wing conibinationswhich fly at low static stabili~ for
ease of control because ntiearities in control effectiveness could
cause very large trim changes or even divergent aircraft motions,
although the configurationmay be statically stable at zero control
deflections.

Rocket-jet tests.- Some indication of the effectiveness of body-
mounted spoilers, while deflected into the exhaust of a rocket motor,
or jet spoilers was obtained from the static tests of five standard
3.2~-inch MK 7 rocket motors with plates of various sizes welded over
a small portion of the nozzle etit,-as shown in the sketch of figure 18. .
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Normal force and thrust were obtained from

15

an average of continuous mess.
urements made during the burning time of the rocket-motor. Flow deflect-
ion angle, or the arc tangent of the ratio of measured normal force to
the measured thrust, was used to indicate effectiveness of the control
at different ratios of spoiler axea to nozzle exit area. The thrust pen-
alty caused by the spoilers is shown by the loss of thrust impulse as
compared with the total impulse of the rocket motor without spoilers.
For example, a l-percent loss in impulse was noted as the jet was
deflected ~o. Since in practice there is some gap between the spoiler
and the rocket nozzle, the spoiler on one nmtor was welded only at the
ends, rather than around the outside edge, to allow a gap between the
spoiler and nozzle. As shown in figure 18, the spoiler control moment
varies nearly linearly with the blocked nozzle area. This nearly linesr
variation coupled with the low impulse losses indicates, for the range
of the present test, that the jet spoiler is an effective means of con-
trol. However, if a gap between the spoiler and nozzle of about 6 per-
cent of the nozzle exit diameter is present, which is probably large for
most practical applications, a 35-percent loss in normsl force results.
The loss in rocket impulse is more than twice the loss associated tith
the spoiler without the gap. Bec.guseboth the normsl force and thrust
decrease together, the deflection of the resultant thrust vector is
reduced only about 10 percent.

Relative merits of flap and spoiler controls.- In order to determine
the relative effectiveness of spoiler controls compared with flap con-
trols when mounted at the base of a body, the trim angle of attack and
the trim normal-force coefficient of a spoiler-controlledmodel similar
to model 3 were estimated for the power-on and power-off conditions at
M= 1.62 and were then compared with the measured trim characteristics
of the flap-controlled flight models in figure 19. The power-off trti
of the spoiler-controlledmodel was established from MN of the spoiler,

center of pressure of the spoiler, and the static stabili~ of model 3.
The data for the spoiler on the square body for h/d = 0.25 and
h/d . O.~, as determinedly the wind-tunnel tests, were taken from fig-
ure 17(b); lift-curve slope and the aerodynamic center location of model 3,
as determined from the flight-test data, were taken from figure 13. Esti-
mates of the power-on trim of the spoiler-controlledmodel were obtained
by combining the calculated power-off trim with the effects of the jet
spoiler as obtained from figure 18. The effectiveness of the jet spoiler
was also determined by the amount the average thrust of a 5-inch British
Cordite rocket motor couldbe tilted with a spoiler that blocked aboti
10 percent of the nozzle-exit area, or the same areas as blocked by the
jet flap when deflected 21.830. It was assumed that the center of pres-
sure of the control was at the longitudinal location of the spoiler, and
the contribution of the reaction control to the power-off trim data was
then calculated for the hypothetical spoiler-contro12.edmodel.

—. —————.—.—. ..— .— —— -.-— ——.
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The comparison of the estimated trim of a spoiler-controlledmodel
with that of a flap-controlledmodel is presented in figure 19. When
the aerodynamic body spoilers were mounted on a model equivalent to
mcdel 3, figure 19(a) shows that the trim angle of attack and trim normal-
force coefficient were both estimated to be larger than the values for
the same model controlledby an aerodynamic flap deflected 21.83° -
about 35 percent larger for a spoiler deflection of h/d . 0.25 and more
than twice as large for h/d . 0.50. Adding the effect of the jet spoiler
(h/d .0 .16) to the increment contributedby the aerodynamic spoiler
(h/d .0 .25), a 38-percent increase in trim angle of attack was noted over
the power-on data of the flap-controlledmodel, and about a 30-percent
increase was also noted in the normal-force coefficient. The large
aerodynamic spoiler, with a height of one-half the body diameter or
nearly as high as the aerodynamic flap when deflected 90° (h/d = O.%),
is probably the maximum height that can be used in practice from a struc-
tural standpoint and can be considered as the upper limit of the power-
off trim of the spoiler-controlledmodel. Eecause calculations indicate
that the flap of model 3 operated behind a detached shock wave at Mach
nunibersless than 1.7, it is reasonable to expect that the spoiler, which
theoretically detaches the shock to some extent for all supersonic test
Mach numbers, produces similar trends with I&ch numiber,at least for
values greater than M. 1.0.

Since only two sizes of the aerodynamic spoilers were tested and
neither was directly comparable with the aerodynamic flap, only quali-
tative comparisons of the effectiveness could be obtained from the trim
characteristics. Figure 19(b) shows the variation of the trim normal-
force coefficient of models 1, 2, and 3, extrapolated to M = 1.62, and
the estimated trim values obtained from a spoiler-controlledmodel as
a function of the height of each control above the surface of the flat
fuselage. For the configuration investigated, the trim normal-force
coefficient resulting from the aerodynamic body spoilers varied with
h/d in a manner very similar to the aerodynamic flaps, and it appeared
that the effectiveness of the two types of control was about equsl at
correspondingheights above the fuselage. If this apparent eqpali~ is
true, then body spoilers offer a means of control that is as effective
as bcd.yflaps but without the penal~ of the large hinge moments for
control deflections up to one-half the height of the body’.

Rocket-Static-Test Comparisons

Three types of reaction controls used to deflect the rocket e~ust
from the longitudinal center line were statically tested: the jet flap
shown in figure 8, the Set spoiler shown in figure 18, and an imersed
jet vane presented in reference 13. Data from these tests were corre-
lated and are presented in figure 20 as a summary and a comparison of
the relative merits of the three types of jet controls. The ultimate

.
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purpose of these controls is to obtain a maximum deflection of the thrust
vector with a minimum loss in thrust impulse; therefore flow deflection
sngle and percent loss in impulse due to control drag were used as basic
parameters for comparison. Although the normal force and hinge moments
are presented, quantitative comparisons of these data can not be made
directly because in each of the three types of tests there were such fac-
tors as various rocket motors of different thrusts, nozzle characteristics,
and burning durations. A 5-inch British Cordite rocket motor was used

with the jet flap, a ~-inch aircraft rocket motor was used for the jet

spoiler, and a 6.25-inch Deacon rocket mdor was used for the imnersed
jet vane. Because all controls differed in size and because deflections
of spoiler, flap, and vane controls were not compatible, the amount of
area blocked by the control in percent of the nozzle exit area was used
as the independent variable for these comparisons. For the jet flap and
the immersed jet vane, where the control was not in the plane of the
nozzle exit, the blocked area ~ was obtained by projecting the con-

trol area onto the nozzle exit plane along perspective rays origititing
from the geometric apex of the nozzle cone. The magnitude of the hinge
moments should not be compared directly because no attempt was made to
reduce the hinge moments of the jet flap, but such an attempt was made
in the tests of the imnersed jet vane. Although hinge moments were not
measured on the jet spoiler, they were not considered because actuation
devices for spoilers generally prciiucea vsriable area rather than a
variable deflection of hinged controls.

It is evident from figure 20(a), for the range of the measured data,
that the jet spoiler was more effective in turning the flow of the rocket
exhaust gases than either the immersed jet vane or the jet flap. All
three controls exhibited a nearly linear variation of effectiveness, or
flow deflection, with blocked area except the jet flap for-areas less
than k percent of the nozzle exit area. Although the jet spoiler deflected

the flow about l~” more than the jet flap at equivalent blocked areas,

the thrust impulse loss of the two controls was nearly the same. However,
with a relatively large gap of 6 percent of the nozzle exit dismeter, the
effectiveness of the spoiler was reduced about 10 percent, but the impulse
loss was more than doubled. The flow deflection of the imnersed jet vane,
at the maximum vane deflection of 12.5°, was a little more than 1° or
about one-half of that obtained by the jet spoiler for the same area
blocked by the control. However, a penal@ of 2-percent loss in impulse
is associated with the imersed jet vane at zero deflection, but this
loss was not encountered with either the jet flap or the jet spoiler at
equivalent areas.

A summary of the relative merits of the three types of reaction con-
trols tested, which is essentially control drag as a function of control
effectiveness, is shown in figure 20(b). For an impulse loss of 2 per-
cent the immersed jet vane tilted the thrust vector about 1°, the jet

w~
v -a. , ,
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flap about 3°, smd the jet spoiler without a gap about ~“. However,

to turn the flow &o with a jet spoiler that includes a =elatively large

gap between the spoiler and the nozzle, the impulse losses ~ increase
fourfold.

Booster Stsbild.zation

The booster used to accelerate a missile to supersonic speeds often
requires large fixed fins to stabilize the mcdel-booster combination
during the first phase, or the boosted part, of the flight. Because the
center of gravi~ of the ccmibinationmoves forward as the rocket fuel
is expended, the static-stabil.i~requirement at subsonic speeds often
dictates the size of the booster fins. Since the force produced by a
reaction control is independent of ambient conditions, jet vanes can be
used advantageouslyto furnish the necessary force reqdred for stabiliz-
ation of a model-booster combination at low speeds; however, additional
fixed fins are often required for the high-speed phase of the flight
because the load on the mdel increases in proportion to the sqme of
the veloci~, whereas the effectiveness of the jet vane is independent
of the veloci_&. A booster employing this arrangement of fixed fins and
reaction controls should have better performance than the same booster
with fixed fins alone. As shown in reference K!, a free-floating fin
could be used in conjunction with immersed jet vanes of very low hinge
moment to produce a control force in the same direction as the lift
forces of a fixed booster fin. The size of the fixed fin, when used with
a fin-actuated jet-vane stabilization system, is determined at the hl.gher
veloci~ phase of the flight by the difference between the destabilizing
effect of the mcdel on the coribinationand the stabilizing force of the .

jet vane.

In order to evaluate the application of a booster employing jet
vanes sensitive to angle of attack, a booster for a flight model was
designed with fixed fins and imnersed jet vanes to furnish additional
stabili~ in both the pitch and yaw planes. Immersed vanes were chosen
because of the siraplicityof their application to Deacon rocket motors
and the availabili~ of the static test data of reference 13. Pertinent
characteristics of the flight model are shown in figure 21. The wings
of the model were cruciform, 600 delta flat plates with beveled leading
and trailing edges, and they were mounted on a cylindrical 7-inch-
diameter bcdy with an ogive nose section. The mdel was directly
attached to the forward end of the 6.25-inch Deacon rocket motor. In
contrast to almost all booster cotiinations, the forward section of this
model was designed not to separate from the booster rocket motor after
its fuel was exhausted. .

_.— . —



NACA RM L56L17

The tail of t~s mcuiel(fig. 21) or the
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simulated booster fins con-
sisted of 45° delta, flat-plate, cruciform fins with beveled leading and
trailing edges incorporating tip controls to actuate immersed jet vanes.
The 45° delta tip control was hbged at 10 percent ~ ahead of the
leading edge of the mean aerodynamic chord of the control and actuated
the immersed jet vane which was hinged at o.38~ by a mechanical.linkage,
rack, and gear, with a gain of 3 to 1; that is, as the free-floating tip
controls deflected 1° the jet vane deflected 30 in the opposite direction.
The jet vanes were made of SAE 1020 steel and were identical to the vanes
described in reference 13 except for the counte~eights attached to the
trailing edge of the vane shield to mass balance the fin-vane system.
As canbe seen in the photograph of the mcdel tail (fig. 21(c)), all four
fin-vane assenibliesoperated independently of each other and therefore
provided a limited amount of ro12 control.

The model was instrumented in order to measure angle of attack,
angle of sideslip, jet-vane deflection for one vane in each plane, nor-
mal and angular accelerations in both pitch and yaw, Mach number, and
rocket ‘&amber pressure. The angle of attack, the angle of sideslip,
and the corresponding jet-vane deflections measured for both po’wer-on
and power-off conditions are presented in fi~e 22 and give some insight
into the operation of the system. ~ch number and dynamic pressure are
also presented in figure 22 for reference. The fuselage was exbremely
elastic because of the high fineness ratio of the model and the lack ot
stiffness in the case of the Deacon booster rocket. Tracking photography
indicated that the body flexed in a number of different modes during the
beginning of the flight; but because there was no way to determine the
exact amount, the resulting data became qualitative instead of
quantitative.

Angle of attack and angle of sideslip have been corrected to the
model center of gravity for pitching and yawing velocities; and since
the jet vane deflections, ba and 5P, are direct functions of a and

~, they were also corrected for the angular velocities in pitch and yaw.
Trim conditions of the model without power, obtained during the coasting
period of the flight, sre also shown in figure 22 at l@ch numbers equiv-
alent to those of the power-on data. The values shown for trim con-
ditions for ba and 8P indicate the deflection of the inmersed jet

vane as the model is trimned at the corresponding values of a and ~,
or three times the deflection of the free-floating tip control when
influenced by both out-of-trim condition and wash from the forward sur-
faces. At M = 1.2 for example, for power-off, as the model trinmed
at a = -1°, ba was -7° and indicated that the free-floating tip con-

trol was deflected -2.3° or that the average angle of the flow at the
tip control was increased by approximately 1.3° over the angle of attack.
It must be remertiberedthat only a trend in upwash is shown, since the mag-
nitude of the elasticity of the fuselage could not be determined; however,

-— ,— .-—-–——— —— .—
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in some cases upwash from the wings was large enough to cause the model
to trim at angles other than the power-off values by actuating the jet
vanes through the tip control. This effect was apparent in the pitch
oscillationsbecause the model trhmned at larger negative angles of
attack for power on than for power off and gave a good indication of the
ability of the jet vanes to control the model at angles other than trim.
When the wash from the wings becsme small, as noted by the power-off
trim of 5P near the flight time of 1.2 seconds, the jet-vane system

stabilized the model to ~ . 0° although there was an a~arent out-of-
trim condition of p = -1/20.

It can be concluded that the imnersed jet vanes were operative in
a flight model and produced sufficient force to change the trim of the
model; but when these vanes were used with a free-floating tip control,
the wash on the control from the forward lifting surfaces contributed
to the deflection of the jet vanes sufficient to trim the model at angles
other than OO. The use of this system as a booster is warranted only
if appreciable savings in fixed fin area can be obtained and reuable
estimates of the flow angulari~ over the free-floating fin are available.

CONCLUSIONS

From the flight-test results of three delta-wing models having
fuselages of square cross section and employing body flap controls, the
static test and wind-tunnel tests of body spoilers, the flight test of
a fin-actuated jet-vane booster, and various compsrisom of control
effectiveness the following conclusions may be made:

1. The aerodynamic flap appreciably increases the trim normal-force
.

coefficient throughout the test Mach number range; and during power off,
when used in unison with the jet flap, the resulting caibered-bcilyeffect
produces a further increase in trim of 25 to ~ percent. For similar
conditions but with the rocket power on, the trim normal-force coeffi-

1 to 2~ times the trim obtained by the aerodynamiccient increases from —
32

flap alone.

2. Comparisons show that estimated values of trim angle of attack
and normal-force coefficient for power-on conditions, as obtained from
p~wer-off flight data and rocket-static-testdata, are less than the
measured values. Further comparisons indicate that bdy flaps require

from 2 to @ times more deflection than full-span, trailing-edge con-
2

trols to produce the same trim at similar

%&~ ..*

conditions.

— —
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3. The trim drag coefficient for a model equipped with body-flap
controls was 30 to 70 percent larger than a correspondingmodel with tip
controls and a round boattailed body.

4. The lift-curve slope of 0.04 to 0.05 per degree for the bodies
having a sqpare cross section agreed with that of a correspondingmodel

with tip controls and aboattailed body of circular cross section, but
the total movement of the aerodynamic center was twice that of the refer-
ence model over the test range of Mach number of 0.7 to 1.7.

5. Although the damping in pitch was low, as is usual for tailless
missiles, the damping-h-pitch derivative of the body hawing a square
cross section was consistently greater than that of a model with similar
wings but with a boattailed body of circular cross section.

6. Wind-tunnel tests conducted at aMachnuniber of 1.62 show that
aerodynamic spoilers mounted on a body of square cross section are 25
to 45 percent more effective.thanwhen mounted on a body of circular
cross section, and the effective location of the control center of pres-
sure remains almost constant with angle of attack and control height
except for the large”spoiler on the bcdy of circular cross section.
Changing the body cross section flmm circular to sqpare increases the
slope of the normal-force coefficient by 30 percent. Control effective-
ness was found to be nonlineax with angle of attack.

7. Rocket static tests established that a jet spoiler tilts the
thrust axis nearly linesrly with the amount of nozzle exit area blocked
by the spoiler. In order to deflect the thrust vector 5°, a l-percent
penalty in thrust impulse must be taken; this impulse loss, or spoiler
drag, was doubled when the spoiler was seperated from the nozzle by a
relatively large gap of 6 percent of the exit diameter.

8. tia comparison of aerodynamic spofiers with aerodynamic flaps,
both mounted at the base of a body of squsre cross section, it app-s
that spoilers are as effective as flaps and can be operated without the
large hinge moments associated with flaps.

9. For reaction con~ols with a 2-percent loss in thrust impulse, ,
the immersed jet vane, the jet flap, and the jet spoiler deflect”the

thrust vector 1°, 30, an+o, respectively.

10. QusJ-itativeresults from a flight test
vane booster indicated that the trim of a model
be changed with immersed jet vanes but that the

of a fin-actuated jet-
booster combination can
wash from the forward

surface=, the wings of the mcdel, influenced the floating angle of the
tip control which actuated the jet vanes. The use of this system of

— . . ——.—--- -————— —— —.— .——— —.
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stabilization is warranted only if appreciable savings in fixed fin area
can be obtained and if reliable estimates of the flow angularity over the
frek-floating fin are available.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., December 3, 1956.

.
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MASS CHLRACTTKCSTICS OF MODELS 1, 2, AND 3

Model 1
First coast
Weight, lb . . . .
Center of gravi~,

Momqnt of inertia,
Second coast
Weight, lb . . . .
Center

Moment

Model 2

of

of

First coast

aa~ti,
inertia,

Weight, lb . . . .
Center of gravity,

Moment of inertia,

Second coast
Weight, lb . . . .
Center of

Moment of

Model 3
First coast

gravi~,

inertia,
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(b) Detailed sketch of
modified nozzle and
flap assenibly.

I

L-~728. 1
(c) Photograph of flap

assemb~. Side and
bottom covers removed.

\ 3.56

ImWwed area of s.05 in.2
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——- ~——

Center of I I Center of
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-Hinge Mne

(d) Sketch showing jet-blast impingement on fhp and location of centers
of h-pinged area for 52 of 15.830 and 2L.830.

Figure 1.- Concluded.
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(a) Model 1. Side view.
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,.)-...~.. . . . _.-.

(b) Model 2. Three-quarter front view.
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(c) Model 3. Top view. L-95899

Figure 2.- Photographs of flight models.
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Figure 3.-

Second coast
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---61= 16”780
~–- 62= 15.83°
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—61= 21.83°

—62= 21.83°

Body-control settings for flight models.
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Figure 4.- Variation of Reynolds numiberwith Mach nuuiber.
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Figure 5.- Variation of static pressure ratio with Mach number.
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Figure 8.- Sketch, photograph, and data from static test of jet flap.
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Figure 9.- Variation of ~rti -d %tr~ with Mach number of actual

power-on and power-off flight data compared with estimated power-on
data frcm the static test for flap deflections of 23..830and 16.780.
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Figure 16. - Vsriation of Cm and CN with angle of attack for body

spoilers mounted on bodies with square and circular cross section.
M= 1.62; coefficientsbased on body cross-sectionalarea and body
length.
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Figure 16.- Concluded.
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(a) Sketch of mcdel showing center-of-gravitylocations. All dimensions
are in inchef3.

(b) Photograph of

aEmEmuc cmRMmKsTlm
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Figure 21.- Sketch,
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.

L-74879 .1
(c) Photograph of tail section

showing tip controls and
jet vanes.

photographs, and geometric characteristics of flight
model with immersed jet vanes.
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